Abstract-
The speed on the breakdown process determines initial current and field rise. As the largest values and the fastest changes are usually found in the first peak of an ESD wave form, this part is the most important from the EMC-perspective. The breakdown process depends on the arc length, which may vary in spite of constant charging voltage [1] , [2] . Thus, numerical calculations may not neglect the arc as discussed in [3] and [4] . Although circuit theory can be used to calculate the discharge current [5] , transient fields can only be calculated using electromagnetic methods.
A complete solution would combine the breakdown physics with a lossy three-dimensional (3-D) nonlinear problem which has numerically hard to handle dimensions, i.e., arc lengths 1 mm and body sizes up to 2 m. Due to the nonlinearity of the arc, time-domain methods are preferable. They must combine antenna algorithms with arc models.
Ongoing research is aimed at the development of such a method. Although presently only simplified structures can be Manuscript received February 15, 1996; revised April 19, 1996 . This paper was presented in part at the EOS/ESD Symposium, Phoenix, AZ, September [11] [12] [13] 1995 calculated, some important characteristics of the discharge process can be understood from the results.
II. STATIC PROBLEM
For the transient calculation, the static charge distribution is needed as the initial condition. Triboelectric processes introduce a charge on the body shown in Fig. 1 , not a voltage. If the charge and the capacitance are constant, the voltage will not change. But if an object approaches ground, the capacitance (i.e., the voltage) will change even if no charge is lost due to corona or high impedance ground paths. This voltage change must be considered as it influences the arc length (sparking distance) which in turn determines the initial current and field rise [1] .
Besides the voltage change, the charge will redistribute during the approach. A considerable fraction of the charge concentrates at that part of the body which is facing ground, in particular if the gap is very small. This charge concentration may cause an initial current peak of more than 100 A.
The electrostatic problem can be formulated by a simplified (static) version of the frequency domain electromagnetic method of auxiliary sources (MAS's) [6] . This method, extensively used in radar cross section, dispersion, and waveguide problems represents the electromagnetic field as superposition of fields of some elementary auxiliary sources inside the object (here: point charges). The location, strength, and type of the sources are determined in such a way that boundary and other conditions are fulfilled. If the locations of the sources represent the main singularities of the field, a fast computation is guaranteed.
For the static problem, the charge distribution must be calculated in such a way that the potential on the surface of the body is constant. The potential can be approximated by a sum of potentials of elementary auxiliary sources (here: point 1083-4400/96$05.00 © 1996 IEEE charges) each having a weight of which are located on an auxiliary surface inside the body
Functions (2) are fundamental solutions of the Laplace equation for the case of a grounded infinite perfectly conduction plane at . They satisfy Laplace's equation outside the body and provide zero potential on the grounded plane. From boundary conditions, we find the coefficients . To calculate the coefficients , some collocation points on the surface of the body are chosen leading to a system of linear equations (3) Using (1), it is possible to calculate the potential in every point ( and outside the body). The electric field can be calculated by (4) with (5) (6) The location of the auxiliary surface which holds the auxiliary sources is important. Some particular areas inside the body must be included by the auxiliary surface, otherwise the functions given by (2) cannot provide the solution of (3). These particular areas depend on the geometry of the problem [7] . For a spheroid, this area degenerates to a line between the two foci of the spheroid as shown in Fig. 2 .
The accuracy of the solution can be calculated by the fulfillment of the boundary conditions and by the erroneous change of the total charge calculated at different distances to ground.
Using this method, the dependence of voltage on the distance between the body and the ground plane and the dependence of the capacitance were calculated for different objects. The accuracy was tested against the analytical solution of a sphere above ground [8] . The reduction of the voltage by approach was calculated with an accuracy of better than 1% for a spheroid of 5 cm and 31 cm semi-axes which was used in the experimental work.
Assuming an initial voltage of 10 kV at a distance of 1 m to ground, the voltage will drop to 7.3 kV at a distance of 1.8 mm. According to Paschen's law [9] , a discharge can be initiated for any distance smaller than 1.8 mm at 7.3 kV.
The change has the following three consequences for the ESD.
1) Even if a further reduction of the gap length due to the combined influence of the statistical time lag and speed of approach [1] is neglected, the reduced voltage will usually cause a faster rising discharge current as the static breakdown electric field strength of air increases with reduced voltage (Paschen's law).
2) The charge accumulation close to ground will cause a higher peak current value. 3) A voltage value measured in a position which is not the discharge position may not represent the voltage at the beginning of the sparking.
III. METHOD OF MOMENTS IN THE TIME DOMAIN
The moment a discharge current starts to flow, an electrostatic description cannot be used anymore. As long as the discharging structure supports a TEM-wave (e.g., a coax cable, a conical body), the discharge current can be calculated by transmission line theory. Unfortunately most real structures do not support TEM-mode, i.e., the object must be seen as an antenna which is excited by the discharge current. As the excitation is nonlinear, the numerical analysis should be done in the time domain. This requires the combination of an antenna algorithm with a physical description of the ionization process in the arc [1] , [10] . In contrast to the thin wire algorithm presented in [1] and [2] , which can only calculate the ESD of a thin monopole, the new algorithm allows one to compute the discharge of perfectly conducting bodies of revolution. 
A. Magnetic Field Equation Code for Voluminous Objects
The electromagnetic fields introduced by a voluminous body can be obtained from the tangential fields on its surface by integration. The surface fields obey integral equations which can be solved numerically. To perform the numerical integration, the surface of the body is divided into patches, and an average but constant value of the field on the patch is used. The values are determined by the incident field and the properties of the body. In Fig. 3 , the geometry of the problem solved is described. This method is based on the fact that waves propagate with a finite speed. If the time/space step and the patch size is well chosen, fields can be expressed by current values of the surrounding patches which already have been calculated [11] [12] [13] .
For any transient process on voluminous perfectly conducting objects, the boundary value problem can be transformed into a magnetic field integral equation (MFIE) [14] ( 7) where current density on the surface of the body; exciting field caused by the discharge current; point of observation on the surface of the body, the time of observation; point of integration; distance between the points of observation and integration; retarded time; normal of the surface; speed of light.
B. Simulation of the Discharge
We suppose the existence of a channel with time-dependent conductivity in the gap. Therefore, we have to use in the channel and MFIE on surface of the spheroid
The arc models by Rompe and Weizel [9] and the model by Mesyats [10] are usable for ESD, as they can reproduce the influence of the arc length on the current rise [1] The [10] . For the calculations shown, m /V was used.
C. Numerical Treatment
For the solution of integral equations, a technique proposed by Bennett et al. [11] [12] [13] [14] [15] was used.
In the case of a body of revolution, the MFIE (7) is transformed into the following equation: (10) where the orthogonal surface coordinates are introduced
Now the surface is divided into small patches. Furthermore, it is assumed that the current is constant on every patch during each time-step. For simplification, we approximate the integration over a patch by multiplication of the influence of the current in the middle of the patch by its area. Due to the speed of light and the time/space steps used, coupling between neighboring patches is always delayed by at least one time step. This allows one to calculate the interpatch coupling by previously calculated current densities.
Only the self coupling cannot be calculated from previously known values. Bennett's approximation is used [11] , [14] -(12) where and are the principle curvatures of the surface and is the area of the patch. For calculation of the retarded time, it is necessary to know the time delay between the event which caused the field and the reaction at the point of observation. This is given by (13) where is an integer and . A two-point smoothing approximation was used for the current and its derivative (14) The computation calculates the time-dependent current distribution on the body at every time step on the basis of the previous current distributions. The obtained current distribution is used to calculate the transient fields. The user must provide the geometry of the body, the discretization, charging voltage, and arc length.
The most critical part of the algorithm is the coupling of the arc to the first patch. Presently, a discretization with constant time/space steps is used. The space step used is a couple of millimeters, although the arc length is much less. The strong variation of current density and coupling to the mirror body in the first patch will be modeled better by a new algorithm with nonconstant time/space steps presently under development.
IV. RESULTS

A. Current Compared to Measurement
While the current on the body can hardly be measured, the discharge current can. Measurements compared to calculations show the usability of the method, Fig. 4 .
The current changes from 18 A to more than 50 A if the arc length is reduced in spite of the same initial voltage. Greater deviation between the measured and the calculated currents can be seen for longer arc lengths. This is due to the arc model by Rompe and Weizel [1] , i.e., the arc resistance drop is computed faster than it happens in reality for arc lengths close to the static breakdown distance given by Paschen's law [9] .
Disturbances are often not directly related to the timedependent currents shown in Fig. 4 . Radiation and induction relates to current derivatives. Therefore, an algorithm must be able to calculate the current derivative with sufficient accuracy to be usable for EMC behavior prediction. Results are shown in Fig. 5 .
As mentioned above, the different arc lengths cause a wide variation of the current derivative for different discharges in spite of the same voltage. The effect is more pronounced for the derivative than for the current. The peak derivative changes from 10 A/ns at 2.7 mm arc length and 10 kV to more than 1000 A/ns at 0.6 mm arc length using the same voltage. This change is of major importance to EMC problems, in that it shows that the risk of a disturbance by ESD cannot be assessed by the charging voltage as is often done. In general, the influence of the arc length can be reproduced by the numerical method, proving that the results are suitable to access the thread of disturbances by ESD. As shown in [1] , the deviations at shorter arc lengths are again due to the arc model used. As the differences between the measured and the calculated results are rather small compared to the overall changes caused by the arc length, the method is usable for parameter studies.
B. Fields Compared to Measurement
From the current distribution on the body, the transient fields can be calculated using integral equations [14] . Results were compared to measurements for the near and far field. A result for the far field is shown in Fig. 6 .
Although at a distance of 1.2 m the field strength reaches 7 A/m for 10 kV and 3 A/m for 5 kV (10 cm: 120 A/m at 10 kV and 45 A/m at 5 kV for the same arc lengths). Up to the first zero crossing, the calculation matches the measurement very well. In contrast to real arc behavior, the arc model used gives a monotonic drop of the arc resistance with time, reducing the accuracy of the results after the zero crossing. For the purpose of EMC, this is acceptable, as the highest peak values and derivative values are reached during the first impulse. As shown in Fig. 4 , the calculated currents at arc lengths close to Paschen's value are larger than in reality. This causes a similar effect for the transient fields, as shown in Fig. 7 .
C. Spatial Development of the Field
Analyzing the spatial fields at different time steps helps to understand important aspects during ESD's, e.g., near and far field. The lines of constant magnetic field are shown in Fig. 8 . At 1.7 ns, the initial current wave has traveled 75% of the spheroid's length. Close to the arc, the field strength reaches 46.4 A/m. At 5.1 ns, the initial wave and a wave which has been caused by the reflection at the top of the spheroid superimpose, causing the complex field structure shown. Proceeding on to 8.5 ns, two wave fronts can be seen. The initial wave front has left the near field. The sign of the magnetic near field has changed due to the reversed current and a second wave front will be radiated soon. Although waves are radiated at every spot of the spheroid, a simplified but educational picture can be visualized by assuming just spherical waves radiated at the major geometric discontinuities: One radiated at the arc, the second one radiated at the top, and a third radiated at the lower end of the mirror body (substituting the ground plane by a mirror body of the spheroid).
The spatial field is separated into two regions.
In the near field, the field strength values are high. The field structure is complex due to superposition of radiated energy, capacitively and inductively stored energy, and energy which travels back to the object. The electric and the magnetic fields are neither perpendicular nor is the ratio of their magnitudes 377 as in the far field. In the far field, radiated field components dominate. The waves are spherical and their magnitudes drop by .
V. MEASUREMENT SET UP
The measurement of currents, fields, and arc lengths are shown in Fig. 9 .
The object was kept at a constant voltage through a high impedance ( 220 M ) connection to a power supply and approached to ground to initiate the spark. To influence the arc length at constant charging voltages (which was needed to measure the results shown in Fig. 5 ), the humidity and/or speed of approach were changed [2] .
The current was measured using a 4 GHz bandwidth single shot oscilloscope (SCD5000 with compensated delay line) and a wide bandwidth current target. Details of the current and field sensors are given in [2] . The arc length in the moment of breakdown was measured by a precision ohmic position sensor and a Track & Hold triggered by the magnetic field associated with the breakdown. The results are within 30 mm or 3%, whichever is greater.
The transient fields were measured on the ground plane by a -dot sensor with internal passive integration. It has a flat frequency response with a 3 dB bandwidth of 10 MHz to 1.5 GHz. A deconvolution algorithm was used to correct for the influence of the lower cut-off frequency on the pulse shape. Due to the high input signals needed to drive the very fast SCD5000 the field, measurements were done using an hp54720d oscilloscope (2 GHz bandwidth, 8 GS/s).
VI. CONCLUSION
Results on numerical calculation of ESD have been presented. They show that ESD currents and the associated transient fields can be calculated by combining antenna algorithms with arc models. Further work on the algorithms will aim at an improved modeling of the arc-body junction and methods to calculate lossy structures.
